Variation in synonymous codon usage is abundant across multiple levels of organization: 18 between codons of an amino acid, between genes in a genome, and between genomes of different 19 species. It is now well understood that variation in synonymous codon usage is influenced by 20 mutational bias coupled with both natural selection for translational efficiency and genetic drift, 21 but how these processes shape patterns of codon usage bias across entire lineages remains 22 unexplored. To address this question, we used a rich genomic data set of 327 species that covers 23 nearly one third of the known biodiversity of the budding yeast subphylum Saccharomycotina. 24 We found that, while genome-wide relative synonymous codon usage (RSCU) for all codons was 25 highly correlated with the GC content of the third codon position (GC3), the usage of codons for 26 the amino acids proline, arginine, and glycine was inconsistent with the neutral expectation 27 where mutational bias coupled with genetic drift drive codon usage. Examination between genes' 28 effective numbers of codons and their GC3 contents in individual genomes revealed that nearly a 29 quarter of genes (381,174/1,683,203; 23%), as well as most genomes (308/327; 94%), 30 significantly deviate from the neutral expectation. Finally, by evaluating the imprint of 31 translational selection on codon usage, measured as the degree to which genes' adaptiveness to 32 the tRNA pool were correlated with selective pressure, we show that translational selection is 33 widespread in budding yeast genomes (264/327; 81%). These results suggest that the 34 contribution of translational selection and drift to patterns of synonymous codon usage across 35 budding yeasts varies across codons, genes, and genomes; whereas drift is the primary driver of 36 global codon usage across the subphylum, the codon bias of large numbers of genes in the 37 majority of genomes is influenced by translational selection. 38
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Introduction 52
One of the first insights drawn from DNA sequence analyses was that synonymous codons are 53 used both non-randomly and in taxon-specific patterns (Air et al. 1976; Fiers et al. 1976 ; 54 Grantham et al. 1981 ). These results were surprising given that synonymous codon changes do 55 not alter primary protein structure (i.e., they are silent) and were therefore previously assumed to 56 be selectively neutral. Two major explanations have been put forth to account for the non-57 random variation in codon usage seen within and across species, namely natural selection and 58 neutral processes, such as mutational bias coupled with genetic drift. 59
60
The discovery that codon usage is correlated with both the abundance of transfer RNA molecules 61 in the genome and with gene expression levels raised the hypothesis that optimization of codons 62 to match the available tRNA pool (or tRNAome) promotes or regulates translation and suggested 63 a key role for codon usage in translational dynamics (Post et al. 1979 ; Nakamura et al. 1980 ; 64 tRNA gene content (tRNAome). These results suggest that translational selection on codon bias 144 is widespread, but not ubiquitous, in the budding yeast subphylum. Our inference of strong 145 translational selection on codon usage bias suggests that translational regulation has played a 146 major role in the evolution of this group. 147
148

Methods 149
Sequence Data 150
Genomic sequence and annotation data were obtained from a recent comparative genomic study 151 of 332 budding yeast genomes (Shen et al. 2018 Table 2 ) as our input queries. Hits that had 30 percent or more sequence identity 158 to mitochondrial sequences were removed from our analyses. Similarly, protein-coding gene 159 sequence data from the 327 genomes were filtered for mitochondrial genes by blasting (blastx) 160 against mitochondrial protein-coding sequence data from 37 Saccharomycotina species 161 (Supplementary Table 3 ). The coding sequences were further filtered to conform to the required 162 input for the species-specific tRNA adaptation calculations by stAIcalc, version 1.0 (Sabi and  163 Tuller 2014). This filtering step removed all coding sequences that did not begin with the start 164 codon ATG, did not have a whole number of codons, or were shorter than 100 codons 165 (Supplementary Table 1 ). Codons containing ambiguous bases were also removed. 166
Codon usage bias calculations 168
To examine the variation in codon usage across the yeast subphylum, we calculated the relative 169 synonymous codon usage (RSCU) for each codon in the 1,683,203 protein-coding genes of the 170 327 budding yeast genomes that remained after filtering. RSCU is the observed frequency of a 171 synonymous codon divided by the frequency expected if all the synonymous codons were used 172 equally (Sharp and Li 1986 codons drive between-species differences in codon usage, we performed correspondence analysis 180
of RSCU values (Grantham et al. 1981 ). This technique is highly suitable and informative 181 because it reduces the high number of dimensions present in codon usage statistics into a very 182 small number of axes (Grantham et al. 1980; Suzuki et al. 2008) . were identified as drivers of the second explanatory axis in the correspondence analysis. This 315 result suggests that the phylogenetic correlation between CGA, CCA, UUG and CUA is not 316 restricted to closely related species and represents phylogenetically-driven differences between 317 major clades, whereas the phylogenetic correlation of most other codons is only between closely 318 related species and not between major clades. 319 320
Individual codon usage is driven by neutral and non-neutral forces 321
The correspondence analysis of RSCU revealed that major differences in codon usage are largely 322 explained by differences in the usage of G/C-and A/U-ending codons (Fig. 2) . To determine the 323 influence of neutral mutational bias on the usage of individual codons, we used Pearson's 324 correlation and phylogenetic generalized least squares (PGLS) to examine the relationship 325 between codon usage and mutational bias. Across all species, the Pearson's correlation of GC3 326
and RSCU revealed that all G/C-ending codons and two A/U-ending codons were positively 327 correlated with GC3 (p-value < 0.001 in all cases) (Supplementary Table 6 ). The two A/U-328 ending codons that were positively correlated with GC composition bias were CUU and CGA. 329
Interestingly, CGA was one of the codons identified by Blomberg's K as being phylogenetically 330 differentiated between clades. It is, therefore, not surprising that CGA and CUU are negatively 331 correlated with GC3 in the phylogenetically corrected PGLS analysis (Fig. 3 , Supplementary 332 Table 7 ). In the PGLS analysis all A/U-ending codons are negatively correlated with GC3 and all 333 G/C-ending codons are positively correlated with GC3. These results reveal that there is a strong 334 correlation between mutational bias and codon usage at the genome level. 335
336
While the Pearson's correlation and PGLS analyses suggest that codon bias and GC composition 337 due to mutational bias are correlated, these metrics do not account for the non-linear relationship 338 between GC composition and codon usage. Therefore, we compared observed relative codon 339 frequencies with equilibrium solutions generated by Palidwor et al. (2010) . We compared the 340 observed relative codon frequencies for every codon with the equilibrium solutions and 341 measured fit using R 2 ( Fig. 4; Supplementary Table 8 ). All but one of the 2-fold degenerate 342 codons had an R 2 value > 0.5 when compared to the neutral expectation (Fig. 4C) . (Fig. 4C: second column) . The exceptions to 348 this were proline, arginine, and glycine, which showed deviations from the neutral expectation 349 even with the summed statistics (Fig. 4B) . To ensure that phylogenetic signal was not driving the 350 deviations from the neutral expectation, we assessed Blomberg's K of the individual species' 351 residuals used to compute the R 2 value. A total of 7 codons had Blomberg's K variances over 1 352 (Fig. 4C: Supplementary Table 8 
Gene-level codon usage does not fit the neutral expectation 359
To assess the role of mutational bias across all genes within each genome, we next examined the 360 relationship between the ENC of each gene and its GC3s vis-a-vis the neutral expectation (i.e., 361 the relationship between ENC and GC3s if neutral mutational bias were the only force acting on 362 codon usage). For each genome, we computed the number of genes that fell 10% and 20% of the 363 maximum value outside of the neutral expectation between NC and GC3s (dos Reis et al. 2004) . 364
Out of a total of 1,683,203 genes, 381,174 (23%) genes fell outside the 10% threshold and 365 205,558 (12%) fell outside of the 20% threshold ( Fig. 5A; Supplementary Table 9 ). We also 366 tested each species' overall fit to the neutral expectation by calculating an R 2 fit to the neutral 367 expectation (Fig. 5B & 5C ). This analysis revealed that 7 genomes had R 
Codon usage in most budding yeast genomes is under translational selection 377
The previous analysis suggested that most Saccharomycotina species deviate from the strictly 378 neutral expectation between GC3s and NC within their genomes ( Botryozyma nematodophila, because they did not produce viable wi values from stAI-calc due to 387 software issues (Supplementary Table 11 ). S-values were computed for the remaining 324 388 species, and significance was assessed using a permutation test (Fig. 6A) . Thirty-four species 389 from 6 of the 9 clades did not have S-values that were significant at the 0.05 or 0.95 level in the 390 permutation test (Supplementary Table 10 ). These non-significant results ranged in S-value 391 between -0.252 and 0.577, with a median value of 0.273. This result suggests that, in these 392 species, gene-level codon usage could not be distinguished from neutral mutational bias;therefore, it is unlikely that translational selection is broadly acting in these species. In contrast, 394 27 species exhibit moderate S-values between 0.28 and 0.5 (Fig. 6B) Table 12 ). The linear model with the highest explanatory power, which 407 accounted for 17.47% of the variation in S-value, includes genome size, tRNAome size, gene 408 number, and total metabolic traits (Supplementary Table 13 supported by the observation that the CUA codon is underrepresented in the CUG-Ser1 and 457 CUG-Ser2 clades ( Fig. 1; Supplementary Table 14) compared to other major clades in the 458 subphylum ( Fig. 1: Supplementary Table 14) . Underrepresentation of CUA is not exclusive to 459 the CUG-Ser2 and CUG-Ser1 clades-the Dipodascaceae/Trichomonascaceae major clade had 460 an average RSCU of 0.60 and includes 12 species (of 37) with a very low RSCU less than 0. the larger end of genome size, low selection is hypothesized to be due to drift in species with 499 small effective population sizes: this drift would increase the genome size and decrease the 500 ability of selection to shape codon usage (Bulmer 1991). Within Saccharomycotina, the role of 501 tRNAome size is consistent with these predictions, except for genome size. This exception is 502 likely due to a low correlation between genome size and tRNAome size in this group. While 503 tRNAome size and genome size are positively correlated when analyzed using a phylogenetically 504 independent contrast (PIC) (Felsenstein 1985) , this correlation is not very strong (adjusted R selection is that codon optimization may be a useful proxy for highly expressed genes. It has 522 long been known that ribosomal genes are among both the most highly expressed and highly 523 codon usage-optimized genes across species Sharp et al. 1995) , leading to 524 their use as the basis for the codon adaptation index (Sharp and Li 1987; Nakamura and Tabata 525 1997). In our dataset, there are 11,047 genes (average of 35 per species) that are as highly or 526 more highly optimized than the ribosomal genes, suggesting there is a wealth of information 527 about which genes may be highly expressed or differentially highly expressed across this lineage. Each axis is labeled with the percent variance explained by the corresponding dimension and the codons that are the major drivers of the observed variance. The first dimension, which explains nearly 67% of the variation between species, is driven by the differential usage of G/C-versus A/U-ending codons. The second dimension, which differentiates the CUG-Ser1 clade, the CUG-Ser2 clade, and one Alloascoideaceae species from the rest of the species in the subphylum, explains a much smaller fraction of the observed variation (about 7%) and is primarily driven by differential usage of the CUA, CUG, UUG, and UUA codons in the two groups. neutral expectation (i.e., that codon usage is solely driven by GC mutational bias and genetic drift) . The neutral expectations for the different codons were obtained from the models developed by Palidwor et al. (2010) . A) Observed relative frequency of the alanine codon GCC (shown on the Y axis) plotted against GC3 (shown on the X axis) for each of the 327 budding yeast species analyzed in this study. The codon GCC had a good fit to the neutral expectation (black line, R-squared value = 0.671). B) Observed relative frequency of the arginine codon CGU plotted against GC3 composition for each species. The codon CGU had a poor fit to the neutral expectation (black line, R-squared value = -0.165); the same trend was also observed in the other Group-2 arginine codons (CGA and AGG). C) R-squared values for each of the codons (first column) and the sum of all codons for an amino acid (second column) compared to their neutral expectations. Boxes colored towards the red spectrum indicate a better fit to the neutral model, while boxes colored towards the blue spectrum indicate a poorer fit (i.e., worse than the mean) to the neutral model. Grey-colored boxes in the first column indicate non-degenerate amino acids or stop codons; grey boxes in the second column indicate codons that either have their own models (e.g., ATC) or have values that stem from the same model (e.g., all amino acids encoded by two codons, such as tyrosine (Y), which is encoded by TAT and TAC). Asterisks indicate codons with a Blomberg's K variance over 1 when comparing GC3 and relative frequency, suggesting that the GC3 and relative frequency values for these codons are correlated due to phylogeny (i.e., closely related species tend to have more similar GC3 and relative frequency values due to shared ancestry).
5A 5B 5C Figure 5 . Comparison of the silent third position GC composition (GC3s) to the effective number of codons (Nc) across 327 budding yeast species shows that a significant portion of the genes in many species' genomes deviate substantially from the neutral expectation. A) Distribution of the percentage of genes that deviate more than 10% (purple bars) or 20% (blue bars) from the neutral expectation. Almost half of the genomes have 10% or more of their genes deviate at the 20% threshold (159 / 327), and almost all of the genomes do so at the 10% threshold (309 / 327). B) The genome of the yeast Alloascoidea hylecoeti shows a high correlation between GC3s and Nc (R-squared value = 0.762), in line with neutral expectations. The neutral expectation (i.e., the expectation when the only influence is GC mutational bias and genetic drift) of the effective number of codons for a given GC content of third positions in a genome is indicated by the black line. C) In contrast, the genome of Saccharomyces cerevisiae shows a lack of correlation between GC3s and Nc (Rsquared value = -4.027) and does not conform with the neutral expectation.
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Figure 6. Most genomes in the budding yeast subphylum exhibit moderate to high levels of translational selection on codon bias. Translational selection on codon bias was measured using the S-test, which examines the correlation between the stAI value and the selective pressure (estimated by f(GC3)-ENC where f(GC3) is a modified function of Wright's neutral relationship between the silent GC content of a gene and the effective number of codons) on all coding sequences in a genome. Each point in the comparison between stAI and selective pressure is a single coding sequence in one genome. Higher S-values indicate higher levels of translational selection on codon bias. A) Distribution of the significant S-values (p<0.05 in permutation test; 293 species out of 327) and non-significant S-values (p>0.05 in permutation test; 34 / 327 species). B) Pichia membranifaciens, an example of a species that exhibits low translational selection on codon bias (p<0.05 in permutation test; n=10,000). C) Saccharomyces cerevisiae, an example of a species that exhibits high translational selection on codon bias (p < 0.01 in permutation test; n=10,000). This plot shows the relationship between the total number of tRNA genes in a genome (tRNAome size) and S-value for each the 327 budding yeast species analyzed in this study. The best fitting model (blue) was a Gaussian distribution with a maximum S-value at 336 tRNA genes. This suggests that species with either low or high numbers of total tRNA genes exhibit lower levels of translational selection.
